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The BaO-modiﬁed Pd/Al2O3 exhibits much better catalytic activity than Pd/Al2O3 for C3H8 oxidation both before and after the hydrothermal
aging treatment. Further studies ascribe its good activity to the inﬂuence of BaO species on the physicochemical characteristics of the catalyst and
the reaction routes. Firstly, the BaO species inhibits the phase transformation of alumina, resulting in higher surface area of the catalysts and
hereby a better dispersion of Pd. Secondly, the basic nature and electron-withdrawing effect of barium oxide maintain palladium at high oxidation
state, which leads to a higher PdO content on surface of the BaO-modiﬁed catalyst. Finally, the formation/decomposition of carbonate/
bicarbonate species can be promoted by the addition of BaO, which provide extra reaction routes and are important for the deep oxidation of
C3H8.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Air pollution caused by exhausts from gasoline engine is
one of the major environmental concerns. The heterogeneous
catalytic oxidation of hydrocarbons (HCs) is essential in
puriﬁcation of gasoline engine exhaust and has drawn more
and more attention in recent years [1,2]. The introduction of
the three-way catalyst (TWC) has meant a remarkable success
for this purpose. However, there are still some key questions
that need to be solved. One is the low catalytic activity of/10.1016/j.pnsc.2014.05.003
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nder responsibility of Chinese Materials Research Society.TWC at temperatures lower than 300 1C, which may account
for 50–90% of the total HC emissions [3,4]. On the other hand,
the development of close coupled catalysts is promoting to
satisfy the increasingly restrictive HCs emissions, while the
close coupled catalysts may experience temperatures up to
1000–1100 1C [3,5]. Thus, catalysts with both good low-
temperature activity and thermal stability attracted more and
more scientiﬁc interest.
Pd-only TWC have relatively low cost and light-off
performance, and excellent capability for HCs and CO oxida-
tion, and Pd catalysts for HCs oxidation typically consist of Pd
nanoparticles dispersed on a porous alumina support. In order
to further maximize the catalytic activity of Pd/Al2O3 catalyst,
alkaline earth metals such as barium have been added to some
automotive catalysts in practical use [6,7]. Baria is generally
known to play a key role as NOx absorber in NOx storage-
reduction catalysts. The strong interaction between palladium
and LaOx has been proved to cause a change in the chemical
state of Pd, and Pd supported on BaO is more electronegative
[3,7]. Meanwhile, the addition of baria into alumina may result
in excellent thermal stability, due to the formation of a layeredElsevier B.V. All rights reserved.
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decrease of surface area [8]. However, though considered as a
good additive, the promotion mechanism of baria on the
propane oxidation of Pd/Al2O3 catalyst has not been clariﬁed.
In this study, the effect of baria addition on C3H8 oxidation
activity of the palladium catalysts, as well as the inﬂuence of
hydrothermal treatment on the catalyst behavior is clariﬁed. To
further explore the key factors controlling the activities of the
different catalysts, we investigated the structural and morpho-
logical properties of the as-received and thermally aged
Pd/Al2O3 and Pd/BaO/Al2O3 catalysts by XRD, BET, XPS,
TGA and CO chemisorption, while the inﬂuence of baria
species on the reaction routes was emphasized by the in-situ
DRIFTS experiments.2. Experimental
2.1. Catalyst preparation
Pd catalysts were prepared by incipient wetness impregna-
tion of supports with appropriate amounts of aqueous solution
of Pd(NO3)2 (17.1 wt%, Heraeus) and BaO(NO3)2 (99%,
Rongruida). A γ-Al2O3 (BASF with a BET surface of
150 m2/g) was used as support. The metal loadings of Pd
and BaO are 3 and 5 wt%, respectively. After drying at 110 1C
overnight, the samples were calcined at 550 1C for 3 h in static
air to obtain the fresh catalysts. The aged catalysts were
obtained by treating the fresh catalysts at 1050 1C in a 10%
steam/air ﬂow (500 ml/min) for 5 h. The above fresh and aged
Pd/Al2O3 and Pd/BaO/Al2O3 catalysts were denoted as PA,
PBA, PA-A and PBA-A, respectively.2.2. Catalyst characterization
The powder X-ray diffraction (XRD) patterns were deter-
mined by a diffractometer (D8 ADVANCE, Bruker, Germany)
employing Cu-Ka radiation (λ¼0.15418 nm). The X-ray tube
was operated at 40 kV and 30 mA. The X-ray diffractograms
were recorded in the range of 201r2θr801 at 0.021 intervals
with a scanning velocity of 41/min.
The speciﬁc surface areas of the samples were measured
using the N2 adsorption at 196 1C on an automatic surface
analyzer (F-Sorb 3400, Gold APP Instrument). Prior to each
measurement, the samples were treated in vacuum at 220 1C
for 2 h for proper degassing. The four-point Brunauer–
Emmett–Teller (BET) method was applied to calculate the
surface areas.
Palladium dispersion of the catalysts was carried out on
Auto Chem II 2920 (Micromeritics). Prior to each measure-
ment, the catalyst (50 mg) was reduced in a ﬂow of 10% H2/Ar
(50 ml/min) at 300 1C for 30 min, after which the sample was
cooled down to 25 1C and ﬂushed by He for 10 min. Then a
loop gas of 10% CO/He (20 ml/min) was pulsed over the
catalyst and the TCD signal of CO was recorded till its peak
area became constant. By dividing the number of exposed
surface Pd atoms (determined by CO chemisorptions) by thetotal amount of Pd in the catalyst, the Pd percent dispersion of
the catalyst can be calculated.
The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a PHI-Quantera SXM system equipped
with a monochromatic Al Kα X-rays under UHV (6.7
108 Pa). Sample charging during the measurement was com-
pensated by an electron ﬂood gun. The electron take off angle
was 451 with respect to the sample surface. The binding energy
was calibrated internally by the carbon deposit C 1s binding
energy (BE) at 284.8 eV.
Thermogravimetric (TG) analysis experiments were con-
ducted on a thermogravimetric analyzer (METTLER Toledo).
All the reactions were carried out in ﬂowing air (50 ml/min).
For each experiment, approximately 15 mg of the sample was
heated from 30 1C to 1050 1C at a heating rate of 10 1C/min,
followed by a cooling process to 30 1C at a cooling rate of
10 1C/min.
The diffuse reﬂectance infrared Fourier transformed
(DRIFT) spectra were recorded on a Nicolet 6700 spectrometer
equipped with a MCT detector. After pretreatment in N2
(100 ml/min) at 500 1C for 30 min, the sample was then
cooled down to room temperature. After that the spectra were
recorded from 150 1C to 450 1C at an interval of 50 1C in
1750 ppm C3H8/2% O2/N2. All the spectra were determined by
accumulating 16 scans at a resolution of 4 cm1.
2.3. Catalyst activity measurement
The activities of the catalysts for propane oxidation were
evaluated by temperature programmed oxidation (TPO) reac-
tions in a quartz tubular ﬁxed-bed reactor with the efﬂuent
gases monitored by a MKS 2030 IR spectrometer. In the
activity measurements, 100 mg of catalyst was diluted to 1 ml
with silica pellets, and then the catalyst–silica pellets mixture
was sandwiched by quartz wool in the tubular quartz reactor.
A gas mixture of 1750 ppm C3H8/2% O2/N2 (500 ml/min) was
fed, and the reactor temperature was then ramped to 500 1C at
a heating rate of 10 1C/min. T50 represented the temperature at
which 50% of propane was oxidized.
3. Results
3.1. C3H8 oxidation activities
Fig. 1 shows the C3H8 conversion curves of the fresh and
hydrothermally aged catalysts. The T50 values of the catalysts
follow the order of PBA (276 1C)oPA (328 1C)oPBA-A
(352 1C)oPA-A (405 1C), indicating that the addition of BaO
improves the C3H8 oxidation activity of the Pd/Al2O3 catalyst
signiﬁcantly, and this improvement maintains even after aging.
3.2. Structural properties
Fig. 2 shows the XRD patterns of the different catalysts both
before and after thermal aging. Only characteristic peaks of
γ-alumina and PdO can be observed on both the fresh catalysts.
The peak assigned to θ-alumina metallic Pd arise on both the
Fig. 1. Propane conversion curves of the catalysts before and after aging.
Fig. 2. XRD patterns of the fresh and hydrothermally aged catalysts.
Table 1









PA 141 17.2 0.97 1.00
PA-A 62 1.5 0.87 0.58
PBA 139 18.2 1 1.00
PBA-A 81 2.1 1 0.71
aObtained from the CO chemisorption results.
bObtained from the XPS results.
cObtained from the TGA results.
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and phase transition of γ-alumina at the high temperature.
It should be noted that, the diffraction peaks assigned to Pd
species are slightly sharper on PA-A than those on PBA-A,
implying the baria species inhibit the Pd sintering to some
extent. Meanwhile, some α-Al2O3 species can also be detected
on the PA-A sample. On PBA-A catalyst, the inexistence ofα-Al2O3 should be due to the inhibition effect of the baria
species on γ-Al2O3 phase transition, which can be further
proved by the higher BET surface area of PBA-A compared
with PA-A (Table 1).
As shown in Table 1, the hydrothermal treatment at
temperature as high as 1050 1C resulted in signiﬁcant growth
of the Pd crystallites, which agrees well with the previous
reports [9,10]. The Pd dispersions of the fresh samples are
rather similar. PBA-A shows slightly higher Pd dispersion than
PA-A, which appears to be consistent with the relatively larger
surface area of the former catalyst. However, such a small
difference in the Pd dispersion should not be the determining
factor for the higher catalytic activity of the BaO-modiﬁed
catalysts.
To investigate the inﬂuence of BaO addition and thermal
ageing on the electronic conﬁguration of Pd, we performed
XPS analysis on all the catalysts. The XPS spectra of Pd 3d
core level of PA and PBA are shown in Fig. 3. Upon BaO
addition, no changes over the peak intensity or peak shifts are
observed over the fresh catalysts, indicating that the impreg-
nated BaO did not change the electronic structure of surface Pd
species. The peaks of the Pd 3d5/2 at 335.6 and 336.8 eV are
assigned to metallic palladium and oxidized palladium (II),
respectively [3,11–15]. As listed in Table 1, almost all the
palladium exists in the form of Pd2þ over both PBA and PBA-
A. This indicates that the low electronegativity of the BaO
additive results in an obviously more electron-deﬁcient state of
the adjacent palladium species [10,14]. Meanwhile, the high-
temperature treatment results in signiﬁcant decreases in the Pd
signals on both aged catalysts and PBA-A exhibits higher Pd
peak intensity than PA-A, since the peak intensity is positively
correlated with the amount of Pd atoms to be exposed on the
surface, these results agrees well with the CO chemisorption
results [12,13].
3.3. TGA results
The TGA results obtained on PA and PBA catalysts are
shown in Fig. 4. The weight losses below 800 1C and above
845 1C should be attributed to dehydration and the decom-
position of PdO to metals, respectively [3]. The amount of
weight loss is 0.45% for PA and PBA. Taking the total Pd
amount (3%) into account, the ratio of PdO in the bulk was
calculated to be about 100% for both the fresh catalysts, which
agrees with the XPS results.
Furthermore, since all the thermally aged catalysts experi-
enced cooling process, the TGA results of the fresh catalysts
obtained in cooling process reﬂects the PdO reformation of the
aged catalysts [3]. During the cooling process, the weight gain
of the catalysts should be due to the reformation of PdO [3,16].
It is observed that the weight gain of PA starts at 615 1C and
stops at around 511 1C. While for PBA, the temperature range
of PdO reformation shows a 25–35 1C shift to lower tempera-
ture compared with PA. This hysteresis of PdO reformation
should be due to the higher amount of surface PdO on PBA
that acts as a barrier hindering the bulk oxidation of Pd [3,16].
The amount of weight loss for PA and PBA is 0.35%,
Fig. 3. XPS spectra of Pd 3d of the (a) fresh and (b) aged catalysts.
Fig. 4. TGA plots of PA and PBA during the heating and cooling processes
in air.
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lower PdO proportion on the aged catalysts compared with the
fresh ones. It should be noted that the palladium oxide
proportion measured by TGA reveals the average electronic
state of total Pd species, while the XPS results only reveal the
state of surface Pd species on the catalysts. The total PdO
proportion of the aged catalysts measured by TGA is lower
than the surface PdO proportion measured by XPS, indicating
the formation of PdO shell over the Pd particles on the
catalysts, and agrees well with the enhanced hysteresis of
PdO reformation over PBA [17].
3.4. In situ DRIFTS
To further explore the inﬂuence of baria on the reaction
routes of C3H8 oxidation over Pd/Al2O3, C3H8 and O2 co-
adsorption experiments were carried out from 150 1C to
450 1C, and the DRIFT results are shown in Fig. 5. Bands at
2970 cm1 associated with the adsorption of gaseous C3H8 is
observed in PA in Fig. 5a after C3H8 adsorption at 150 1C
[18,19]. The band at 2910 cm1 is characteristic of the
stretching vibrations of C–H bond (δ C–H), probably CH2
(ads) and CH3 (ads) species, which proves that C3H8 can be
absorbed and then cracked on the catalyst surface at this
temperature [18,20,21]. With raising temperature, the above
bands vanished at temperatures higher than 300 1C.
The nature of the intermediates in C3H8 oxidation still
remains controversial. Some researchers attribute acetone to be
the primary oxidation product of C3H8 [22,23]. However, in
this study, the bands at 1710 and 1235 cm1 attributing the IR
absorptions to acetone species are absent. Instead, the oxida-
tion product can be assigned to acrylate-like species by
adopting the acrylate characteristic absorptions to be 1650 (ν
CQC), 1585 (νas COO
) and 1440 cm1 (νs COO)
[19,20,24,25]. It is noted that the band associated with water
may also arise at 1650 cm1 and was probably overlapped,
which may also prove that partially oxidation of C3H8 on
surface of the catalyst [18,20,21]. With the temperature
increasing to 300 1C, the bands assigned to acrylate-like
species vanished and new bands at 1575 (νas COO
), 1460
(νs COO
) and 1380 cm1 (δ C–H) appeared, indicating thatthe suggested acrylate-like species were further oxidized to
formate/acetate species [20,21,24–27]. These bands reached
the maximum at 350 1C and then declined at higher tempera-
tures, indicating the further decomposition of the acetate
species.
Compared with the spectra on PA, the main differences of
the spectra on PBA sample came from two aspects. On the one
hand, the band at 2970 cm1 did not disappear on PBA even
with the temperature ramping up to 450 1C as shown in
Fig. 5b, while the band at 2910 cm1 disappear at 250 1C.
These indicate better adsorption and/or higher stability of the
gaseous C3H8 and a lower stability of the CHx species on PBA.
On the other hand, besides the acrylate-like (1650 (νCQC),
1583 (νas COO), 1430 cm1 (νs COO) and 1360 (δ C–H))
and formate/acetate (1570 (νas COO), 1455 cm1 (νs
COO) and 1375 (δ C–H)) species, some carbonate species
(1605, 1520 and 1325 cm1) are detected on PBA at
temperatures from 150 to 450 1C, and some ionic bicarbonate
species (1695 cm1) appeared at temperatures higher than
300 1C [18,27–31]. These indicate that more abundant carbo-
nous species formed on PBA, which may be due to the basic
nature of baria.
Fig. 5. DRIFT spectra recorded over (a) PA and (b) PBA to 1750 ppm C3H8/2% O2/N2 at (1) 150 1C, (2) 200 1C, (3) 250 1C, (4) 300 1C, (5) 350 1C, (6) 400 1C and
(7) 450 1C.
Fig. 6. Relationship between surface PdO content and C3H8 oxidation activity.
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4.1. Role of surface PdO
The importance of PdO, which is the main active phase for
C3H8 oxidation, has been widely studied and conﬁrmed
[3,32,33]. As indicated in the TGA results, the PdO species
on all the samples is thermodynamically stable in the tem-
perature range where the catalyst is active (no higher than
800 1C). Thus, although the PdO proportions on surface of the
catalysts were measured by XPS at room temperature, it should
be considered as a key factor that inﬂuences the catalytic
activities of the different samples. Meanwhile, the CO adsorp-
tion results can reﬂect the ratio between surface Pd and the
total Pd species to a large extent. Since the CO adsorption was
performed after a H2-pretreatment, the corresponding results in
Table 1 reﬂect the dispersion of both Pd and PdO. Considering
that the nominal Pd content is 3% for all the catalysts, the
surface content of all the Pd species can be achieved. Mean-
while, by taking the calculated ratio of surface palladium oxide
(Pd2þ /(Pd2þ þPd0)) in the XPS tests into consideration, the
surface PdO content can be roughly calculated as:
½PdOsurf ¼ ðPd2þ=ðPd2þ þPd0ÞÞ  ðPd dispersionÞ  3% ð1Þ
A relationship between surface PdO content and C3H8
oxidation activity can thus be obtained and the results are
shown in Fig. 6. It is clear that compared with the fresh
catalysts, both the aged catalysts exhibit obviously lower PdO
surface content. This could be the main reason for the
reduction of C3H8 oxidation activity after the ageing treatment,
both for the BaO-modiﬁed and BaO-free catalysts. Meanwhile,
due to the relatively low electronegativity of the BaO addition
and the better Pd dispersion on the BaO-modiﬁed catalyst, the
BaO-modiﬁed catalysts always exhibit higher surface PdO
content than the BaO-free ones [34,35]. However, it can be
seen that PBA-A and PA have obviously different surface PdO
content, but they exhibit quite similar T50 for C3H8 oxidation.
Thus the little difference in the surface PdO content between
the BaO-modiﬁed and BaO-free catalysts should not beresponsible for the obviously higher catalytic activity of the
former one. On the other hand, as evidenced by the TGA
results, the PdO formed much more easily on PBA than on PA.
This indicates that during the C3H8 oxidation reaction, the
reduced surface PdO can be re-oxidized easily with the
addition of BaO [3]. Thus, the improved Pd re-oxidization
ability of the BaO-modiﬁed catalyst is one of the most
important factors attributing to the relatively higher catalytic
activity of PBA and PBA-A compared with PA and PA-A,
respectively.
4.2. Reaction pathways for propane oxidation
The amount of surface PdO is an important factor that
determines the C3H8 oxidation activity of the catalysts. Besides
this, the introduction of BaO into the Pd/Al2O3 system may
also change the reaction route. Taken the DRIFT results and
some previous studies, two kinds of surface reaction pathways
are suggested for the formation of the observed surfaces
species of C3H8 oxidation as a function of temperature.
Path 1: The gaseous C3H8 may ﬁrstly be adsorbed over
alumina, resulting in the formation of acrylate-like species (Eq.
(2)). Meanwhile, the dissociative chemisorption of O2 over the
oxygen vacancies on PdO surface results in the formation of
Fig. 7. Mechanism illustration of C3H8 oxidation over Pd/BaO/Al2O3.
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convert the acrylate-like species into acetate and ﬁnally oxidize
them into CO2 (Eqs. 4 and 5) [20,36].
C3H8(g)þ3OH-CH2=CH–COOþO2þ8H (over alu-
mina) (2)
O2(g)-2[O] (over PdO) (3)
CH2=CH–COO
þ2[O]-CH3–COO
þCO2 (over alumina) (4)
2CH3–COO
þ6[O]-4CO2þ3H2O
þO2 (over alumina) (5)
Path 2: The gaseous C3H8 may also be adsorbed over PdO,
followed by the cracking of C–H bonds (Eq. (6)). The formed
CHx species can then migrate onto the support (alumina and/or
BaO) and convert into formate (Eq. (8)), carbonate (Eq. (9)) and
bicarbonate species (Eq. (10)), which further may be oxidized or
decomposed to form CO2 (Eqs. (11–13)) [18,21,36].
C3H8(g)-C3Hxþ2xH-3CHx (over PdO) (6)
O2(g)-2[O] (over PdO) (7)
2CHxþ (xþ2)[O]þ2OH-2HCOOþxH2O (over alu-
mina) (8)
2CHxþ (xþ4)[O]þ2O2-2CO32þxH2O (over BaO) (9)
2CHxþ (xþ4)[O]þO2-2HCO3
þ (x1) H2O (over BaO) (10)
2HCOOþ2[O]-2CO2(g)þ2OH (over alumina) (11)
CO3
2-CO2(g)þO2 (over BaO) (12)
HCO3
-CO2(g)þOH (over BaO) (13)
As indicated by the DRIFT results, path 1 occurs over both
PA and PBA, and a high content of surface PdO can promote
the reaction (3) greatly, resulting in better oxidation of the
oxidation of acrylate-like and acetate species (Eqs. 4 and 5).
This may be one of the important reasons why the surface PdO
content determines the catalytic activity to a large extent.
Meanwhile, the dissociative adsorption of C3H8 occurs over
PdO for both PA and PBA, while the carbonate/bicarbonate
species can only be detected over PBA. Thus, the reactions (9),
(10), (12) and (13) in the reaction pathway 2 only occur on the
BaO-modiﬁed catalyst, which is further conﬁrmed by the
lower stability of the CHx species on PBA. The C3H8 species
can be oxidized more efﬁciently with the introduction of BaO
via extra reaction routes, resulting in the remarkably enhanced
activity of the BaO-modiﬁed catalyst. The scheme of these
surface reaction processes is described in Fig. 7.
5. Conclusion
With the introduction of baria, the catalytic activity of Pd/
Al2O3 for C3H8 combustion is greatly improved with a T50
shift of 52 1C. The modiﬁed catalyst keeps its advantage after
the hydrothermal treatment at 1050 1C for 5 h. Further studyreveals that the added BaO species promotes the formation of
PdO shell as well as inhibits the phase transformation of
alumina during the thermal ageing, leading to a higher surface
Pd2þ /Pd ratio and a better dispersion of Pd. These result in
higher surface PdO content which is important for the catalytic
oxidation of C3H8. Furthermore, the introduced baria provides
extra reaction routes, which further attributes to the formation
and decomposition of carbonate/bicarbonate species and accel-
erates the deep oxidation of C3H8. Thus, a high catalytic
efﬁciency for C3H8 oxidation is achieved on the BaO-modiﬁed
Pd/Al2O3 catalyst.
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